The pseudoknot domain is a functionally crucial part of telomerase RNA and influences the activity and stability of the ribonucleoprotein complex. Autosomal dominant dyskeratosis congenita (DKC) is an inherited disease that is linked to mutations in telomerase RNA and impairs telomerase function. In this paper, we present a computational prediction of the influence of two base DKC mutations on the structure, dynamics, and stability of the pseudoknot domain. We use molecular dynamics simulations, MM-GBSA free energy calculations, static analysis, and melting simulations analysis. Our results show that the DKC mutations stabilize the hairpin form and destabilize the pseudoknot form of telomerase RNA. Moreover, the P3 region of the predicted DKC-mutated pseudoknot structure is unstable and fails to form as a defined helical stem. We directly compare our predictions with experimental observations by calculating the enthalpy of folding and melting profiles for each structure.
Introduction
Dyskeratosis congenita (DKC) is a rare human genetic disorder that is primarily characterized by abnormal skin pigmentation, nail dystrophy, leucoplakia (1), and anomalies in other tissues with rapid cell divisions. DKC causes premature mortality mainly due to bone marrow failure. It can be found in three genetic subtypes, namely, X-linked recessive, autosomal dominant, and autosomal recessive (2, 3). The X-linked recessive type is associated with the DKC1 gene (4, 5) and the autosomal dominant type is associated with mutations in the RNA subunit of telomerase, hTR (6). The genetic basis for the autosomal recessive type is currently unknown (7). In both X-linked and autosomal dominant subtypes of DKC it has been shown that the patients have shorter than normal telomeres (6, (8) (9) (10) , indicating that DKC is predominantly related to defective telomere maintenance.
Telomerase is an enzyme that is responsible for maintenance of the balance between telomere shortening and telomere elongation by adding telomeric DNA repeat sequences to the ends of chromosomes. Most normal somatic cells do not express telomerase and, consequently, telomere length gradually decreases with age in nearly all human tissues. However, telomerase is active in other proliferative tissues, as in early embryonic and fetal cells, stem cells, germline cells, inflammatory cells, and cells in other periodically or continuously renewing tissues. Moreover, telomerase is consistently active in the majority of human cancer cells.
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Human telomerase consists of an RNA (hTR), a telomerase reverse transcriptase (hTERT) protein, and a variety of other proteins. Mutations in hTR lead to shorter telomeres, faster aging, predisposition to cancer, and are linked not only to DKC but to other syndromes such as aplastic anaemia, myelodysplastic syndromes, paroxysmal nocturnal haemoglobinuria (1, (11) (12) (13) . Thus, dyskeratosis congenita provides a test not only for the significance of telomerase defects but for the overall importance of telomerase in aging and cancer. Recent reviews have highlighted current achievements in DKC research and its relevance to other forms of bone marrow failure, cancer, and aging (1, 2, 7, 12, 14, 15) . Greater understanding of the molecular, structural, and dynamical aspects of DKC should result in improvements in diagnostics and possible therapy for diseases characterized by impaired telomerase function.
In this study, we concentrate on the effects of mutations in the pseudoknot domain of hTR (Figure 1a ), which are known to reduce telomerase functionality (14) . The pseudoknot domain is highly conserved and has been found in all telomerase RNAs (16) . It provides the template for telomeric repeat synthesis, enhances repeat amplification processivity (17), and is required for telomerase activity and stability (18, 19) . Studies using in vitro telomerase assays, NMR, and UV absorbance melting analyses suggest that the pseudoknot domain can exist in two stable conformations (20, 21) . The first conformation is a pseudoknot (Figure 1b) , and the second conformation is a hairpin pentaloop alone ( Figure 1c ). It has been proposed that there is a dynamic biological switch between these two conformations, which is crucial for efficient telomerase functioning (20, 21) . In the wild-type telomerase RNA the pseudoknot dominates by approximately 95% (21). A twobase mutation, GC → AG, at nucleiotides 107-108 in the telomerase RNA pseudoknot domain (circled bases in Figure 1a ) was found in patients with autosomal dominant DKC (6). These specific mutations in the pseudoknot domain, disrupt the base pairing associated with the P3 domain of the pseudoknot and prevent the stable assembly with the catalytic reverse transcriptase component of telomerase (20, 22) . Moreover, these DKC mutations significantly shift the equilibrium between the hairpin form and the pseudoknot form to a 50/50 conformation ratio (21) or completely favors the hairpin structure (20) . These mutations are found to result in deleterious cellular growth, dramatic reduction of telomerase activity by 100-fold (20) or by 93% (23), or the formation of a weakly active telomerase enzyme defective in telomere elongation (24) . Thermal denaturation experiments (21, 23) and free energy calculations (25) demonstrated that the DKC mutations significantly worsen the free energy of the pseudoknot and slightly improve the free energy of the hairpin. NMR (26) and our molecular dynamics (MD) study (27) showed that DKC mutations increase the stability of the hairpin via hydrogen bond interactions between residues in the pentaloop. 
DKC Mutations and the Human Telomerase RNA Pseudoknot
In our previous publication, we reported the molecular dynamics study of the RNA hairpin structure in the telomerase pseudoknot domain and the effect of DKC mutations on it (27). The atomic coordinates of the hairpin were taken from NMR solution structures (21, 26) and subjected to extensive explicit and implicit water simulations. Our results showed that the wild-type hairpin structure is very flexible and undergoes periodic structural flips represented by the opening of four consecutive base pairs. We found that the flips are preceded by the rotation of U105 in the pentaloop. DKC mutations stabilize the hairpin structure and reduce the occurrence of flips by engaging U105 in extra non-Watson-Crick base pairs with loop residues. We suggested that the significance of these flips is in the creation of a nucleation point for pseudoknot formation. In this paper, we continue this line of research by discussing the implications of the DKC mutations on the pseudoknot structure.
Recently, we employed a molecular modeling approach to predict the 3D solution structure of the wild-type telomerase RNA pseudoknot (28). In this structure, the loops and stems of the pseudoknot formed triple helices with the loops positioned either in the minor or major groove of the stems. The pseudoknot junction region showed unique stable triple base interactions. We found that the dynamics of the interactions in the junction region were greatly influenced by the interactions of the U177 bulge and the rotation of residue A174. Overall the whole structure exhibited high stability and rigidity over 40 ns of implicit solvent and 6 ns of explicit solvent molecular dynamics simulations.
Here, we report the predicted structure of the DKC-mutated pseudoknot that results from 56 ns of atomistic molecular dynamics simulations in implicit solvent. We use the same methodology as in the case of the wild-type pseudoknot to determine the structure of the DKC-mutated pseudoknot. Due to time-limitations of MD simulations we can not guarantee that the predicted structure is in its global energy minimum. However, we believe that our protocol is useful and promising in predicting the main features of the RNA tertiary structures. Our simulations show that the wild-type pseudoknot structure is notably more stable than the DKC-mutated pseudoknot structure. Moreover, the DKC-mutations prevent the stable formation of the P3 helix of the pseudoknot. Using the MM-GBSA method we verify our predicted structures by calculating the enthalpy of folding for the wild-type and the DKC-mutated hairpins and the wild-type and the DKC-mutated pseudoknot structures. Our enthalpy values are in excellent agreement with experimentally determined enthalpies, which gives us confidence that our predicted structures are within a reasonable approximation to the real structures.
Folding/unfolding events take place on at least micro to millisecond timescales, which prevents us from observing the dynamic switch from the hairpin to the pseudoknot form or vice versa in our simulations. In order to gain insights into the pathways between the pseudoknot and hairpin forms of the telomerase RNA we subject the wild-type and the DKC-mutated pseudoknot structures to high temperature molecular dynamics simulations. During these simulations we observe the unfolding of the pseudoknots in three stages and the temporary formation of two UU base pairs. These UU base pairs are found in the hairpin form of the pseudoknot domain in both the wild-type and the DKC-mutated pseudoknots. The formation of these base pairs supports the occurrence of the molecular switch behavior. Overall, the results of our study show the effect of the two base-pair mutation, found in the autosomal dominant DKC, on the pseudoknot telomerase RNA structure and dynamics.
Methods
The three-dimensional structure of the DKC-mutated pseudoknot is produced by replacing G107 and C108 with A107 and G108 in the starting wild-type pseudoknot structure. The starting coordinates of the wild-type pseudoknot are generated from the secondary structure (Figure 1 ) using the program RNA2D3D (29). The ini-tial standard base pair interactions in the DKC-mutated pseudoknot are retained according to the secondary structure with minimal tertiary interactions involved. RNA2D3D is software designed by Martinez et al. (29) and explained in more details in Ref. (28) . RNA2D3D can generate, view, and compare 3D RNA molecules. In this software the atomic coordinates of a nucleotide are generated from a reference triad of atoms. The stems are created from the reference triad of its 5' nucleotide using helical coordinates taken from the Biosym® database. The unpaired nucleotides, bulges, hairpin loops, branching loops, and other non-helical motifs are generated by using the coordinates of their reference triad relative to the 5' neighboring nucleotide. As a result, a first-order approximation of the actual 3D molecule is established. Structure refinement involves molecular modeling or interactive editing. The interactive editing involves a rotation and translation of a nucleotide or a group of nucleotides and is used for the removal of structural clashes, enforcing tertiary interactions, and modification of mutual stacking.
Molecular Dynamics Simulations
All simulations were performed using the ff99 force field for RNA (30) and the molecular dynamics software AMBER 7.0 (31).
Recent reviews discussed the use of MD simulations for investigations of the dynamical characterization of a wide range of nucleic acid structures (32-37). The length of MD simulations and the size of the investigated molecules are usually hampered by the necessity of including thousands of explicit solvent molecules. The continuum dielectric methods evaluate only the intrasolute electrostatics and consequently reduce the number of interactions with respect to explicit solvent methods (38). These methods have proven to be reliable and able to provide crucial information for various biomolecules (39, 40). The generalized Born (GB) theory is one of the most successful approximations of the Poisson equation for continuum electrostatic solvation energy (41-43). It involves accurate evaluation of Born radii, which characterize the average spherical distances of each atom to the solvent boundary. Consequently, the GB energy expression is very good at reproducing the Poisson energy with much smaller computational cost (44).
Molecular dynamics simulations were performed at 300 K temperature using the GB implicit solvent approach as implemented in the SANDER (Simulated Annealing with NMR-derived Energy) module of AMBER. Each starting structure was subjected to minimization (10,000 steps), followed by slow 20 kcal/mol constrained heating to 300 K over a 200 ps time period, and several consecutive MD equilibrations with declining constraints from 2 kcal/mol to 0.1 kcal/mol over a total 500 ps time period. The temperature was maintained at 300 K using a Berendsen thermostat (45). The monovalent salt concentration was set to 0.5 mol/L. The production simulations were performed for 56 ns using 1 fs time step.
The simulations were carried out on SGI-Altix and SGI-Origin computers using eight processors. The analysis for all simulations was performed using the Ptraj modules on the production simulations excluding the initial equilibration stage.
Structural Analysis
The program CURVES 5.1 (46) was used to evaluate global axis changes and groove parameters.
Energetic Analysis
The MM-PB(GB)SA module in Amber 7.0 was used to calculate the contributions of gas-phase and solvation free energies for snapshots of the MD trajectories. The energies were calculated for configurations extracted every 100 ps from the stable 307 DKC Mutations and the Human Telomerase RNA Pseudoknot 36 ns MD trajectory. Total molecular-mechanics energies (E gas ), internal energies (E int , i.e., bonds, angles, and dihedrals), van der Waals (E vdw ), electrostatic (E elec ) components were determined. An infinite cutoff for evaluation of all interactions was used. The electrostatic contribution to the solvation free energy (E gb ) involves using the GB equation to estimate the electrostatic contributions to the solvation free energy and leads to a 1% error compared to the Poisson-Boltzmann (PB) approach (39). The non-polar contribution to the solvation free energy (E np ) was determined using the Linear Combinations of Pairwise Overlaps (LCPO) method where the hydrophobic contribution to the solvation free energy is determined by the Solvent-Accessible-Surface-Area (SASA) dependent term.
The calculations of the entropic contributions of an atomic-resolution structure involve normal mode analysis. Normal mode analysis requires the calculation and diagonalization of a mass-weighted second derivative matrix. These calculations scale quadratically with the size of the structure and are very computationally expensive for our system's size and therefore were omitted in our results.
Calculations of Enthalpy of Folding
We assume the two state model for calculation of the enthalpy. We evaluate the differences in energy using MM-GBSA module between folded and coiled RNA structures. Four coiled RNA structures with sequences corresponding to the wildtype and the DKC-mutated hairpin and pseudoknot structures were built using Insight II®. The coiled structures were then minimized, heated to 300 K, equilibrated with a slow reduction of constraints, and subjected to 200 ps of molecular dynamics simulations. The MD simulations were stopped before the folding of the RNA coil started. The energies were then calculated using MM-GBSA for configurations extracted every 2 ps from the 200 ps trajectories (Table II) . The enthalpies for folding were then estimated as ΔH = E tot folded -E tot coil and presented in Table III .
Melting Analysis
Simulations of the melting curves are straightforward if only two-state transitions are assumed, where any single biomolecule is either single stranded or fully folded.
To derive a melting/denaturation curve we follow the experimental procedure of heating each structure until they are completely unfolded while measuring the properties that change as a result of unfolding. The final structures of the pseudoknots are subjected to a number of melting molecular dynamics simulations, where each structure is heated from 300 K to 500 K in 5K increments. Each heating increment takes 50 ps and a 0.1 molar salt concentration is used. For statistical purposes each heating simulation is repeated five times using a different random number seed.
The melting temperature of a nucleic acid is defined as the temperature at which half of the structure exists as a duplex and half is single stranded. An accurate measure of the melting temperature can be obtained by conducting a UV melting experiment. The UV absorbance of a single stranded nucleic acid differs from that of a duplex nucleic acid and is higher. For single strands, the absorbance slightly increases with increasing temperature due to decreased base stacking. For double stranded nucleic acids, the absorbance increases abruptly as single strands are produced and involves the combination of both the loss of base pairing and a decrease in stacking. The relative contributions of base pairing and stacking to the melting transition are interrelated and quite complex (47). UV absorption melting curves can be directly compared with calculated curves, dθ/dT, where θ is the calculated fraction of base pairs remaining in the helical stem.
In addition, the melting curves for DNA and RNA can be calculated as the temporal average of base-pairing probabilities (48), or based upon an empirically parameterized nearest neighbor thermodynamic model (49), or using published extinction coefficients and computed base pair probabilities (50). Alternatively, the melting temperature of a duplex can be estimated from the base pair content of the duplex using a simple empirical formula (51).
A melting curve can be calculated as a first step in structure analysis to find the range of temperatures where interesting events takes place. Moreover, melting profiles can provide information on the relative stability of different motifs and stems. We use high temperature molecular dynamics simulations to estimate the melting profiles.
We calculate a folded fraction function with respect to the temperature rather than UV absorbance and use the base pair bonding distance and hydrogen bond occupancy between two residues as a primary measure for the loss of helicity. We assume that the two originally bonded strands are melted when they are separated by more than the distance to participate in hydrogen bonding. In our simulations the distance between each bonded base was measured and classified as bonded or non-bonded. We assign three hydrogen bonds for each observed GC base pair and two hydrogen bonds for each observed AU base pair. Other numbers of hydrogen bonds are assigned to other base pairs according to our observations in Figure 4b . When the distance between bases increase by more than 1 Å the interaction is considered lost and the base pair is "unfolded". We also conducted visual inspection of all melting simulations trajectories to make sure that our assumptions were correct. Fraction of folded was computed as the average number of hydrogen bonds in the pseudoknot at a given temperature divided by the total maximum number of hydrogen bonds in the pseudoknot. This data was converted into a normalized fraction of folded, θ, versus temperature representation. The normalized fraction of folded is a number between 0 (unfolded) and 1 (folded), where θ = 0.5 at the melting temperature (52).
Because of the relatively long timescale that is required for energy transfer from the fast oscillation of the bond and angle potentials as a result of heating to slow overall structural changes, the melting protocol that was used in this work exaggerated the melting temperatures. For example, we conducted sample simulations at a constant temperature of 360 K and 400 K where the pseudoknot structure was melted after 5 ns and 2 ns, respectively. Therefore, the 50 ps heating time increment that was used in our melting protocol falls short for cooperative unwinding of the strands at each given temperature and results in overestimation of melting temperatures. However, an increase in the time intervals to more than 5 ns would lead to unreasonable computational requirements. Therefore, for comparative purposes with thermal denaturation experiments the temperatures in Table III and Figure 6 were scaled by 1.37 times. The main goal of the melting simulations is to access the information on the relative stabilities of the stems and tertiary interactions and compare it to the relative stabilities determined by UV absorption experiments.
Results and Discussion
Starting Structure
The 48-nucleotide RNA pseudoknot in this study includes the vitally important and conserved regions of the pseudoknot domain including P3 (Stem 2), J2b/3 (Loop 1), part of P2b (Stem 1), and J2a/3 (Loop 2) domains (Figure 1 ). Moreover, this pseudoknot and its mutated versions have been extensively investigated using NMR spectroscopy, telomerase activity assays, and thermal denaturation experiments (21, 23, 26) , which allow us to directly compare our simulated structure with experimental findings.
The starting 3D structure of the DKC-mutated pseudoknot was obtained by a twobase substitution in Stem 2 of the starting wild-type pseudoknot structure. The
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Human Telomerase RNA Pseudoknot method used to build the starting structure of the wild-type pseudoknot was described in detail in Ref. (28) and in Materials and Methods. The schematic representation of the DKC-mutated secondary structure and the stereo snapshot of the 3D starting structure are shown in Figure 4a . No tertiary interactions between loops and stems are initially included. Therefore, the initial pseudoknot is in a relatively open state and retains the rest of the initial structure and the original base-pairing which include six base pairs in Stem 1 and seven base pairs in Stem 2. After minimization, heating, and equilibration the starting structure is subjected to 56 ns of unconstrained MD simulations.
DKC-mutated Pseudoknot Structure of Telomerase RNA
The simulations of the DKC-mutated pseudoknot reveal a different dynamical behavior and a pronounced change in the final structure of the pseudoknot compared to the wild-type pseudoknot structure (28). We find that the stabilization period, which is based on the total energy fluctuation (Figure 2a ) is slightly shorter (13 ns) than in the case of the wild-type pseudoknot (16 ns). However, the total energy of the stabilized DKC-mutated pseudoknot is higher than that of the wild-type pseudoknot by roughly 100 kcal/mol. The total RMSD plot with respect to the average frame exhibits high fluctuations indicating general flexibility and low stability of the DKC-mutated pseudoknot. To highlight the differences in stability between the wild-type and the DKC-mutated pseudoknots the RMSDs relative to the average structure of the stable portion of the trajectory (last 40 ns of simulation time) were calculated and presented in Figure 3 . It is clear that the wild-type structure is significantly more stable (Figure 3b ) than the DKC-mutated structure (Figure 3a) . Examination of the individual contributions to the RMSD from the stems and loops of the DKC-mutated pseudoknot (Figure 2b -e) reveal that Stem 1/Loop 2 form a stable rigid structure; however, Stem 2 and Loop 1 are highly flexible and unstable.
The most probable base interactions in the DKC-mutated pseudoknot are presented in Figure 4 and in Table I . The stereo snapshot of the lowest energy DKC-mutated pseudoknot structure is shown in Figure 3b . The bases that were changed due to the DKC mutation, A107 and G108, are colored orange.
Similar to the wild-type pseudoknot (28) and the pseudoknot structure without the U177 bulge (ΔU177) (23), Stem 1 and Loop 2 of the DKC-mutated pseudoknot form a well-defined and stable triple helix (Figure 2c,d and Figure 4b ). All Stem 1 hydrogen bonds are highly stable (Table I) . Loop 2 is positioned in the minor groove of Stem 1 and participates in triple base interactions with Stem 1. The nature of these triple interactions is slightly different from those found in the predicted wild-type telomerase pseudoknot (Figure 5b ). The RMSDs between the average wild-type pseudoknot structure and the average DKC-mutated pseudoknot structure is equal to 1.0 Å for Stem 1 and is equal to 4.1 Å for Loop 2. We presume that different dynamics and interactions in the Stem2/Loop1 region lead to different Stem 1/ Loop 2 interactions.
The major difference between the wild-type and the DKC-mutated structures, however, comes from the interaction between Loop 1 and Stem 2. There are no original base pairs retained in Stem 2. In fact, Stem 2 failed to form. However, there is a network of intermittent base pairs that form between Stem 2 and Loop 1. The base-pair stackings indicate the formation of a weak flexible helix that is comprised of the base pairs U99:A174, U100:A175, C104:A176, C112:U177, and U105:G178 (Figure 4b ). This helix represents the combined interactions between Stem 2 and Loop 1. There are three triple base interactions between the Stem 2 and Loop 1 strands, U99:A174:U102, U113:G178:U105, and C106:G110:A181. The last triple base pair starts a small helix that is comprised of G110:A181, U109: G182, and G108:C183. Overall the Stem 2/Loop 1 part of the DKC-mutated structure undergoes periodic reshuffling and fluctuations.
The Effect of the DKC Mutations on the Telomerase RNA Pseudoknot
Global Positioning: Comparison of the average structures of the DKC-mutated pseudoknot and the wild-type pseudoknot reveals that the global curvature and position of these two structures are distinctly different. The superposition of the DKCmutated and the wild-type pseudoknot structures using only the heavy atoms of the matching residues resulted in a large RMSD of 7 Å. Due to the dramatic change in the global appearance, the structures could not be well aligned but were superimposed in Figure 5a for comparative purposes using the Stem 1/Loop 2 domain only. The Stem 1/Loop 2 interactions and positions are similar between the wild-type and the DKC-mutated pseudoknots with an RMSD of 3.7 Å. Consequently, the major disparity comes from the Loop 1/Stem 2 orientation and position. The Loop 1/Stem 2 part of the DKC-mutated pseudoknot is largely unstructured in the junction region and bends to the side. Therefore, the two-base mutations not only completely destroy the structure of the P3 helical region, but also change the global positioning of the pseudoknot structure. Experimental observations of, for example, the VS ribozyme show that the global architecture of the folded RNA must be correct for it to function (53). Therefore, the global positioning of the pseudoknot could be crucial for telomerase function and also for hTERT protein binding.
Energy Calculations:
We computed the energetic cost of the DKC mutations on the wild-type pseudoknot. A comparison of the average energy components is given in Table II . Even though the internal energies are roughly the same, the main difference comes from the electrostatic energies (E ele ) and solvation energies (G gb ). The DKC mutations impair the electrostatic energy but improve the solvation free energy and the van der Waals energy. 
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The relative favorability of the van der Waals (E vdw ) energy for the DKC-mutated structure could mean that the structure is more compact. However, it is possible that the more compact structure will not have well-packed interiors as in the case of the DKC-mutated pseudoknot. The small advantage of the DKC-mutated structure in the van der Waals interactions is completely diminished by the large disadvantage in the gas phase electrostatic energy (E ele ) as compared to the wild-type pseudoknot. The significant advantage of the wild-type telomerase due to gas-phase electrostatics means that the DKC mutations lead to unfavorable arrangements of the phosphate atoms. As expected the large electrostatic advantage is reduced by the solvation terms, since solvent mainly screens electrostatic interactions in RNA structures (54). Since in the DKC-mutated pseudoknot the bases are splayed out into the solvent and the phosphate backbone is more exposed, there are additional interactions with the solvent and consequently a more favorable solvation energy term. The non-polar solvation term (G np ) is solvent-accessible surface area dependent and, therefore, also favors the DKC-mutated pseudoknot. Ultimately, the electrostatic contributions make the wild-type pseudoknot energetically more favorable than the DKC-mutated pseudoknot.
More favorable electrostatic energy leads to the increased rigidity of the wild-type telomerase, which is indicated by the stable hydrogen bonding network and lower RMSD fluctuations. It has been shown that the favorable electrostatic solvation of an unbound RNA dominates and opposes binding to proteins (55). Theoretical studies of DNA-protein complexes have also found that unfavorable electrostatic contributions to binding are due to favorable solvation of the unbound nucleic acids (56). The better electrostatic contribution to solvation free energy of the DKC-mutated pseudoknot suggests that it could bind less easily to, for example, hTERT.
Melting Simulations: Melting simulations can provide important information on structural stability and folding pathways, and also can be used to directly compare the results from molecular dynamics simulations to thermal denaturation experiments. Moreover, individual contributions to the stability and the unfolding process from parts of the pseudoknot can be extracted. Melting profiles (see Methods) for the wild-type and the DKC-mutated pseudoknots are shown in Figure 6 . The plots show a structural transition with a midpoint corresponding to melting temperatures which are extracted from this profile and presented in Table III .
The melting of RNA is expected to be hierarchical, with tertiary structure unfolding first, followed by secondary structural elements. The wild-type pseudoknot profiles indeed show that the tertiary interactions are unfolding first, followed by Stem 2, and then Stem 1. These results are consistent with the unfolding pathway for the wild-type pseudoknot determined by analysis of the experimental melting profiles (21, 23). The melting plot of the DKC-mutated pseudoknot shows that the tertiary interactions and Stem 2 unfold almost at the same time with a small difference in the sharpness of the transition and melting temperatures. Clearly, the DKC mutated pseudoknot does not have a well defined Stem 2 (Figure 4b ). Generally, a sharp transition in the melting profile indicates that the affinity constant and consequently the Gibbs free energy are strongly temperature dependent, thus exhibiting more stability (52). Stem 2 shows a sharper transition than the tertiary interactions in the DKC-mutated pseudoknot and, therefore, is a little bit more stable than the tertiary interactions, which could be attributed to the existence of the small stem comprised of the base pairs G110:A181, U109:G182, and G108:C183. It is clear from these melting profiles that Stem 2 is responsible for lowering the stability of the DKC-mutated pseudoknot.
The melting profiles of Stem 1 for both structures are comparable in stability. Interestingly, close to its melting temperature Stem 1 exhibits a temporal increase in its melting profile (around 70 ºC for the wild-type pseudoknot and around 74 ºC for the DKC-mutated pseudoknot). We observe that this increase is attributed to the temporary stabilization of Stem 1 due to the formation of two UU base pairs, U99:U115 and U100:U114. These base pairs are observed in the hairpin form of the pseudoknot. We have conducted several high temperature simulations (360K, 380K, 390 K, 400K) and observed the formation of the same intermediate structure. (a) 
This intermediate structure may be indicative of the possible transition from the pseudoknot to the hairpin form, thus, supporting the molecular switch.
Our scaled melting temperatures and profiles for both structures are in agreement with experimental observations (21) and calculated predictions (Table III) . Albeit our theoretical melting calculations are approximate, they appear to give qualitatively the same peaks and shoulders and show similar relative stability in the melting profiles.
The Effects of DKC Mutations on the Hairpin
We have previously showed that the telomerase hairpin undergoes periodic structural flips represented by the opening of base pairs in the helix (27). The DKC mutations in the hairpin, which are located in the pentaloop, reduce the number of structural flips by 80%. The RMSD plot of the DKC-mutated pseudoknot shows one structural fluctuation per 20 ns (Figure 7a ) to five structural fluctuations per 20 ns in the wild-type hairpin (Figure 7b ). Figure 7c illustrates the change in the hairpin structure at the flip (point A). The structural changes at the flip include the loss of hydrogen bonds for the U100:U114, U101:U113, U102:C112, U103:A111 base pairs, the rotation of A111-U114 outside of the helix, and the shortening of the helical axis curvature by 15% (Figure 7c ). To assess the bend during the flip we calculated the global curvature and axis shortening using the program CURVES5.1 (46). The global curvature is the angle between the local helical axes of the second and n-1 base pairs of the helical region. The axis shortening is defined as one minus the ratio between the end-to-end distance of the helix and the axis path length and is presented in percentage. In the average wild-type hairpin structure the global curvature is 23.4 degrees and the axis shortening is 36.3%. In the hairpin structure at the flip the global curvature is 66.1 degrees and the axis shortening is 51.7%. The numbers represent a significant overall helical bend during the flip.
We discovered earlier that the flips in the wild-type hairpin structure are directly related to the rotation of residue U105 (27). We also noticed that in the DKC-mutated hairpin U105 is hydrogen bonded with U109 or G108, consequently reducing the conformational freedom of U105 and reducing the number of structural flips. The U105:U109 base pair can adopt two alternative conformations and sporadi- (c) cally switch from one to another (27). The hydrogen bond occupancies in the first conformation are 48.5% for O4(U109)…H3(U105) and 43.8% for O2(U105)… H3(U109). The hydrogen bond occupancies for the second conformation are 11.4% for O4(U105)…H3(U109) and 10.8% for O2(U109)…H3(U105). The hydrogen bond occupancy for U105:G108 is about 10.7%. Therefore, the rotation of U105 that leads to a structural flip is significantly reduced by the DKC mutations, but is still possible during the switch from one base pair conformation to another.
The average structures of the wild-type and DKC-mutated hairpins are very similar, with an RMSD of 0.5 Å in the helix. The only visible change is in the pentaloop (Figure 8 ). This indicates that the only structural change that the DKC mutations induce on the hairpin structure is the change of the pentaloop structure and not the helix itself. Yet dynamically the DKC mutation brings more stability to the hairpin structure.
Enthalpy of Folding
Free energy has two components, enthalpy and entropy. Entropy is a measure of disorder and enthalpy (ΔH) is the measure of the internal energy (ΔE) of a biological system. All biological reactions take place at constant pressure (P) and temperature. Therefore, ΔH = ΔE + PΔV. Since biological reactions occur in a large excess of liquid, volume changes (ΔV) are extremely small, hence, PΔV is very small as well. Therefore, enthalpy and internal energy values of biological reactions are approximately the same and are referred to as the energy change of a reaction. Since the energy change in a chemical reaction comes from making and breaking of bonds, the value of ΔH can be calculated from the energy of the bonds. Since in our case no breaking or making of covalent bonds occur, the enthalpy change depends heavily on noncovalent bond energies, such as hydrogen bonds and van der Waals contacts.
Free energy and enthalpy calculations by molecular dynamics simulations can provide direct feedback between our findings on change in structural interactions and macroscopic thermodynamics. Moreover, free energy and enthalpy can also be measured experimentally. Furthermore, MM-PB(GB)SA calculations of binding free energy, absolute free energy, entropy, and enthalpy have been shown to correlate well with experimental observation for a number of molecular complexes (57-61). The entropy calculations are very computationally expensive for our system's size and, therefore, were omitted in our results. We computed the enthalpy of folding (ΔH) for all four molecules, the wild-type hairpin and pseudoknot, and the DKC-mutated hairpin and pseudoknot. The folding process generally involves going from an RNA coil conformation to a folded structure. We have thus calculated the energetic differences between the folded structure and coiled sequence as described in the Methods section and compared it to the enthalpy obtained from the optical melting data analysis (21) and the enthalpy obtained from the efn server (62) ( Table III) . Since the efn server can not calculate the energy of the pseudoknot, pseudoknot structures were separated into Stem 1 (residues 93-121) and Stem 2 (residues 107-184). The Efn server 2.3 energy rules provide the free energy, entropy, enthalpy, and melting temperature values. First, we will discuss the hairpin structures followed by the pseudoknot structures.
For the hairpin structures, the secondary structure free energy calculations (62), which are based on the stability of the helix and loop size (independent of loop context), obtained identical thermodynamic parameters as expected. The experimentally observed enthalpy favors the DKC-mutated hairpin structure by 7 kcal/mol (21). Our MM-GBSA calculations show a similar enthalpy value for the hairpin with or without the DKC mutations.
For the pseudoknot structures, secondary structure free energy calculations, experimental results, and our simulation analysis agree that the DKC mutation sig-317 DKC Mutations and the Human Telomerase RNA Pseudoknot nificantly destabilizes the pseudoknot structure. Secondary structure free energy calculations (efn server) show an increase in the enthalpy due to the DKC mutations in the pseudoknot by 21 kcal/mol, which is attributed to the loss of two base pairs in Stem 2. Thermal denaturation experiments and our simulations show enthalpy gains of 41 to 51 kcal/mol, which indicate that there is a significant disruption of the bonding in the P3 helix involving more than two base pairs. Moreover, the difference between our simulated enthalpy and the experimentally determined enthalpy is reasonably small, with our values being slightly lower than the experimentally determined ones. The enthalpy agreement indicates that the noncovalent bonds, including H-bonds and van der Waals contacts in our predicted pseudoknot structures are within a reasonable proximity of the experimental structures.
Experimental Observations
The pseudoknot structure of the telomerase RNA is important for the catalytic activity of telomerase and TERT binding. Experimental studies of a two base mutation in DKC (GC107/108 → AG107/108) show significant reduction of telomerase activity and possible structural changes. Comolli et al. (20) showed that the DKC-mutations abrogated in vitro telomerase activity and hyperstabilized the hairpin conformation, blocking pseudoknot formation. Moreover, nondenaturating gel electrophoresis confirmed by NMR indicates that the DKC-mutations prevent formation of the P3 helix (20), in agreement with our results. Theimer et al. (21, 23, 26) reached similar conclusions about the effect of the DKC-mutation on telomerase and indicated that the DKC mutations significantly destabilized the pseudoknot conformation, resulting in the favorability of the hairpin structure and a reduction of activity by 93%. DKC mutations destabilize the pseudoknot by 6.6 kcal/mol and lower the tertiary melting temperature by 12-14 ºC. Fu and Collins (22) found that the DKC-mutation and mutations in the P3 helix of the pseudoknot domain led to a strong decrease in telomerase activity in vivo and in vitro. Cerone et al. (24) showed that the DKC-mutated telomerase produced a weakly active telomerase enzyme defective in telomere elongation. Our results agree with the experiments that the DKC-mutations overstabilize the hairpin structure and disfavor pseudoknot formation. Moreover, we have suggested potential structural implications in the formation of the pseudoknot and its binding to hTERT, which can explain the reason for abrogated functionality.
Conclusions
In this paper, detailed analyses of the effects of the DKC mutations on the wild-type pseudoknot structure and dynamics were carried out. The DKC-mutated pseudoknot structure was predicted using molecular modeling. We show that DKC-mutations abolish the formation of the P3 helix, change the global orientation and appearance of the pseudoknot, and overall destabilize the structure. Energetic analysis reveals that the lower free energy and the higher stability of the wild-type telomerase pseudoknot are associated with a favorable electrostatic energy. The 3D prediction of the wild-type and the DKC-mutated pseudoknot structures is reinforced by comparison of the enthalpy of folding calculations.
In the hairpin form, the DKC mutations significantly improve stability and reduce the number of structural flips by roughly 80%. These flips were previously suggested to represent a nucleation point for pseudoknot formation or initiation of a molecular switch. Thus, we presume that the DKC mutations reduce the probability of a molecular switch by at least 80%.
We also conducted melting experiments that exhibit good agreement with UV denaturation experiments. Melting profiles show a temporary stabilization of Stem 1 just below the melting temperature due to the formation of U99:U115 and U100:U114 base pairs, as is found in the hairpin form of the pseudoknot telomerase RNA domain.
Overall, our study shows that the DKC mutations stabilize the hairpin form by extra non-Watson-Crick interactions in the pentaloop and destabilize the pseudoknot form by preventing the stable formation of the P3 helix. Our results are consistent with experimental observations and support published biochemical data. A potential drug can be designed to suppress the wild-type telomerase activity in cancerous cells by attacking the same bases that participate in the DKC mutation.
The predicted pseudoknot structure in this study was determined purely by molecular modeling. The accuracy of this structure is heavily dependent on accuracy of the force field, efficient conformational sampling, and the global energy minimum.
Since the wild-type and the DKC-mutated pseudoknot structures have not been experimentally determined, presumably due to their complexity and lack of stability, our method shows a possible way to predict the main features of tertiary structures from a known secondary structure via molecular modeling and to examine the structural effects of mutations. The predicted structures can then be fitted into NMR NOESY data to determine their compatibility. 
